The suspension system is an important component of any vehicle as it transmits the force and torque between the wheel and the frame, satisfying the requirements of ride comfort and handling stability. To solve the problem of active suspension control, a seven-degree-of-freedom active suspension system model with electrohydraulic actuators is established. Through the approximate expansion in the rolling time domain, a robust model predictive controller (RMPC) for the active suspension system is designed and the RMPC of the active suspension is deduced by defining the RMPC performance evaluation function. A fractional PID controller is used to control the active suspension hydraulic actuators. The accuracy and efficiency of the controller are verified with prototype vehicle simulations and road experiments. Results show that the performance of the active suspension system is better than that of traditional suspension systems. The ride comfort and handling stability are considerably improved by the reductions of vertical acceleration, pitch angle, and roll angle accelerations.
I. INTRODUCTION
The suspension system is an important component of a vehicle. The elastic connection between the suspension axle and the vehicle body can transmit the force and torque between the wheel and the frame, thereby improving vehicle comfort and ensuring vehicle handling stability. With the development of the automobile industry and the advancements in related technologies, the demand for improving the performance of automobiles has also increases, especially in terms of improving the vibration of automobiles.
Suspensions have three classifications: passive, semiactive, and active suspension. Although passive suspension is extensively used as the traditional suspension system of the mechanical structure, it cannot simultaneously address ride comfort and handling stability. Semi-active suspension can be adjusted by single parameter variables (e.g., elastic or damping elements), which can partly replace the active suspension function. Active suspension can adjust the body posture and the suspension damping performance through active controllable actuators in accordance with road conditions and control laws to maximize the entire vehicle performance.
The active suspension system includes an actuator and a matching sensor and control unit, which can input force and displacement to the suspension system based on the passive suspension system. In the control process, the active suspension system adjusts the output of the active suspension actuator according to the real-time changes in road input and the vehicle status, thereby canceling the influence of the road and obtaining a good shock absorption effect while controlling the height and attitude.
Many control methods have been previously applied to the active suspension control [1] - [5] , because active suspension can satisfy the ride comfort and handling stability requirements. For example, Li et al. [6] designed an adaptive sliding-mode control for nonlinear active suspension systems, including varying masses and actuator nonlinearity, and used the Takagi-Surgeon (T-S) fuzzy approach to describe the uncertainties. Brezas and Smith [7] modeled a time-domain optimal control using quarter-car and full-car models of active suspensions, which they generalized by incorporating road disturbances and a representation of driver inputs and considering this factor in the state estimation; they also considered the performance index as a risk-sensitive LQG criterion. Pan et al. [8] investigated the problem of finitetime stabilization for vehicle suspension systems with hard constraints and designed a new class of continuous terminal sliding-mode control strategy for the trajectory tracking of active suspensions. Deshpande et al. [9] established a dual-objective nonlinear controller for the active suspension system to provide ride comfort and keep the suspension deflection within the constraint; they analyzed the control scheme and assessed for large classes of road profiles through simulation and experiment. In [10] , an output feedback active controller that uses a recursive derivative nonsingular higher order terminal sliding mode is proposed for the active suspension system with nonlinearities, external disturbances, and uncertainties to achieve ride comfort while maintaining road holding.
Although variable control methods were used in the active suspension system, the full-vehicle control effect was not considered in some papers, and the interaction among the four active suspensions was ignored [1] , [3] , [6] . In addition, the actuator is considered an ideal power output unit in several active suspension control methods [2] , [4] , [7] , which disregard the practical application. Meanwhile, because the active suspension system and hydraulic actuators have high nonlinear and uncertain factors, it also suffers from the traditional controller effect.
Model predictive control (MPC) is an optimal control proposed in the 1970s to address the increasing control requirements [11] . With the development of industrial technology, the accurate mathematical model of the multi-variable and multi-dimension load system in the industrial process is difficult to suggest. At the same time, the MPC has also been widely studied and applied due to the following advantages: a low demand for system modeling, the rolling optimization strategy has a good dynamic control effect, and feedback correction is helpful for improving the robustness of the control system. With in-depth study, MPC has been widely used in solving nonlinear problems [12] , [13] and in investigating input and output constraints systems [14] , [15] . For example, in [16] , two model predictive controllers were designed for active suspension systems with the road height profile in front of the car measured by vehicle sensors. The results of that study showed that preview active suspension control significantly improved ride comfort if the oncoming road height profile is measured using vehicle sensors. Cheng et al. [17] presented a design for a nonlinear model predictive control (NMPC) to solve the displacement tracking problem of piezoelectric actuators, which have been widely used in Nano-technology. In that study, the tracking control problem is converted into an optimization problem by the principle of NMPC, and the most distinguished feature of the proposed approach is that the inversion model of hysteresis is no longer required; thereby avoiding the inversion-imprecision problem encountered in the widely used inversion-based control algorithms. Hu et al. [18] established a multiplexed model predictive control (MMPC), which can effectively reduce the computational burden of online optimization, using soft constraints. The results showed that the performance of vehicles can be improved significantly. Schnelle and Eberhard [19] presented an adaptive NMPC for the trajectory tracking of flexible-link manipulators using the unscented Kalman filter in the optimization of the adaptability of the problem at each time step; the prediction and input actions were effectively improved, and a detailed fuzzy arithmetic analysis was carried out to quantify the effects on the control structure of the uncertainties and to obtain a robustness assessment. Lopez-Sanz et al. [13] used the NMPC, a powerful controller for achieving multiple objectives in multiple input-multiple output systems, for the thermal management of plug-in hybrid electric vehicles, while obtaining a better control effect. The developed model and optimization formula allowed for direct improvements to enable the easy implementation of NMPC in other cooling circuit architectures.
MPC has low requirements on the model and can successfully overcome the shortcomings of modern control theory model. MPC draws from the idea of optimal control and uses scrolling finite-period optimization instead of invariant global optimization. The active suspension system, with uncertain factors and input-output constraints, can be solved through the model predictive control. This paper consists of seven sections. In Section 1, the active suspension system and available control methods are introduced, the shortcomings of several control methods are considered in practical application, and the MPC is proposed. Section 2 presents the modeling of the active suspension system. First, considering the interaction between the four vehicle suspensions, the seven degree-of-freedom model of vehicle active suspension is established, and the model of valve controlled asymmetrical hydraulic cylinder is considered to increase the actual application effect of the model. Finally, a random road input model is developed and combined with the vehicle model to obtain the control model. In Sections 3-4, the designs of the active suspension model predictive controller and the fractional order PID controller of the hydraulic actuators are presented, respectively. Section 5 discusses the simulation of the designed controller and the results. In Section 6 discusses the road experiment of the prototype vehicle, which is carried out to verify the validity of the designed controllers. Section 7 presents the conclusion. The simulation and experimental results indicate that, compared with the passive suspension system, the proposed active suspension system can effectively reduce the vertical acceleration, pitch, and roll angle accelerations of vehicles, while increasing the vehicle handling stability and ride comfort. 
II. ACTIVE SUSPENSION SYSTEM DYNAMICS A. THE SEVEN-DEGREE-OF-FREEDOM ACTIVE SUSPENSION SYSTEM MODEL
The seven-degree-of-freedom automotive active suspension system model is shown in Fig.1 , which consists of four vertical unsprung masses and the degrees of freedom due to pitch, roll, and vertical motion of the mass center [20] . The variables of the active suspension model are shown in Table 1 . According to Newton's second law, we can obtain the vertical motion of the body centroid, body pitching, and roll rotation equations as follows:
In the preceding equations, the Fi (i = 1,2,3,4) acts as the force between the suspension and the vertical body:
The dynamic equation of the vertical motion of unsprung mass is
According to the spatial motion law of the rigid body, the dynamic relationship among the four suspension systems, the body connection points, the body centroid vertical movement, the pitching rotation, and the roll rotation can be demonstrated as:
As a rigid body structure, the pitch and roll angles of the vertical body assume change in a small angle range. Set the following equations:
Establish the state equation and define the system state variable X as:
The active suspension system can be expressed in the following state equation:
where U is the control vector which represents the output force of the EH servo actuator of each suspension subsystem, Q is the road input vector of four tires, and A, B, and E are divided into coefficient matrixes. System output Y is defined as:
The output equation of the system is:
where C and D are coefficient matrixes.
B. THE VALVE-CONTROLLED CYLINDER MODEL
In this study, the active suspension actuator is the asymmetric cylinder, which is controlled by the EH servo valve. The valve-controlled cylinder model is shown in Fig. 2 , and the variables are shown in Table 2 [21] . The dynamic equation of the hydraulic actuator is expressed as [22] 
where The dynamic equation of the hydraulic actuator [23] is expressed aṡ
The servo valve system is given bẏ
Among them,
C. THE RANDOM ROAD INPUT MODEL
If we ignore the vibration generated with the power and transmission systems of a vehicle, the unevenness of the road surface becomes the most important factor affecting vehicle ride comfort. The model of random road surface is a continuous random excitation, which is the most common model employed in simulation and practical applications with the goal of obtaining more representative experimental data. To study and simulate the active suspension control strategy, the time domain model of road input is established. When the vehicle travels at a speed (v), the time frequency (f ) represents the number of waves contained in a time unit and is the product of the space frequency and the velocity
The power spectral density of road roughness is given by
where G q (n 0 ) is the road roughness coefficient expressed as
where n 0 indicates the standard spatial frequency. Let W (t) be the white noise signal. The pavement contour function is obtained by passing the low-pass filter with function H . Then, the transfer function is
We can obtain the following stochastic pavement model:
where f 0 is the road spatial cutoff frequency.
III. MODEL PREDICTIVE CONTROL
Before designing the controller, the following assumptions are made: the active suspension system is dynamically stable, the output and the reference signal can be continuously differentiable for time t [24] , and the origin is the system balance point. The calculation is simplified as follows:
The derivative of the system output Y is given by:
where:
∂uu .
Repeat these steps:
In the rolling horizon, the output can be approximately represented as:
. . .
The definition of the predictive control performance index of the active suspension system is as follows:
where I and R are the weight matrixes. The optimal controller is obtained by optimizing the performance index function, and only the optimal control of the current time is selected for the actual control.
The preceding predictive control performance index (18) described can be transformed as follows
The necessary condition for predictive control of U is [25] , [26] :
For the active suspension system (6-7), if the control law is taken as (21) , then the performance index (18) of the closedloop system is optimized:
Considering the system in the rolling time domain, P n−ρ−1 contains the multi-order complex nonlinear terms of x and u which affects the performance of the control system. In this paper, the P n−ρ−1 is approximated by fuzzy logic systems (FLS), and the adaptive control is adopted to increase the robustness of the system. According to [27] 
where A i j x j is the membership function of the fuzzy variable xi, ω T denotes the basis function vector of the fuzzy system, and λ (x) is a fuzzy basis vector:
and λ i (x) defined as:
The functional form of fuzzy membership function for a fuzzy set A i j x j should be specified to develop the learning algorithms for these fuzzy systems. Take a Gaussian-shaped form as the membership function used in this study [29] , [30] :
According to the above formulas, the compound interference term P n−ρ−1 can be expressed as:
The optimal weight vector ω * of the fuzzy system, for any given x in compact set ω , exists as [31] :
and
where M > 0.
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The fuzzy approximation error is defined as follow
Adding fuzzy approximation and adaptive control law, set the control law is
where
It can be obtained from the above formulas
+ e (t) e 1 (t) · · · e (ρ−1) (t)
Then the whole system error equation can be written aṡ
I m is the m-dimensional unit matrix,ω = ω * −ω is the weight error vector.
To overcome the impact of the approximation error on the system and improve the performance of the entire system, a robust compensation term should be introduced. Set the adaptive law as:
where, φ = B T Qê, and η is design parameters for the controller.
The error vector and the Lyapunov function are defined as follows:
where D is the domain of the augmented error, andQ is the weight matrixQ
The Lyapunov function defined by Equation (34) is derived from the system trajectory for time t.
The adaptive law can yield:
Consider the following inequalities
When the following equation holds
according to the Lyapunov theory, the augmented error signal of the closed-loop system is finally bounded, and (40) can be written as:V
Integrate the above formula from t to t 2
Thus, for any given τ ,
.
There is a time T > 0, so that all of t = t 0 + T , and e ≤ τ .
The complex item in the rolling time domain expansion model of the system is improved by approximating with the FLS, and the robustness of the controller can be effectively improved by the adaptive law:
IV. FRACTIONAL PID CONTROLLER
Satisfying the requirements of the system in a traditional controller is difficult due to the non-linearity of the active suspension hydraulic actuators. The fractional PID control, proposed by Podlubny [32] , was developed from the traditional PID controller combined with the fractional calculus theory. Compared with previous ones, it is considered a better solution to the control problem of nonlinear systems and has been widely used in many applications [33] , [34] . Many definitions of fractional calculus have been presented in previous studies. In the current study, we used the Grünwald-Letnikov definition in the proposes system [35] . The expression is given by
The general transfer function of the fractional PID controller is given by [32] 
where λ is the fractional calculus operator, α is the fractional order and λ, α > 0. Given that the fractional differential operator is a complex irrational function, it is usually solved by using an approximate algorithm. The Oustaloup approximate algorithm is a widely used algorithm [36] with the transfer function given by
among them,
and ω h is the upper cutoff frequency; ω b is the lower cutoff frequency.
V. SIMULATION AND ANALYSIS
Compared with the traditional Sky-hook damper controlled active suspension, the active and passive suspension models are simulated. The simulation parameters are shown in Table 3 and the vertical acceleration, pitch angle acceleration, and roll angle acceleration of the vehicle body are shown below: 1, 2, 3, 4) . Evidently, from the simulation diagrams and comparison with the passive suspension, the active suspension predictive control has a better performance. The body vibrations, such as vertical acceleration, pitch angle acceleration, and roll angle accelerations, were significantly reduced and effectively address the ride comfort and handling stability requirements of the vehicle (see Figs. 3-5 ).
VI. ROAD EXPERIMENTS AND RESULTS
Road experiments of the prototype vehicle were carried out to verify the accuracy and efficiency of the active suspension control algorithm. The main body of the prototype vehicle was assembled and constructed using the FAW Besturn car chassis, as shown in Fig. 6 . It included the mechanical, hydraulic servo, and the electric control parts. The mechanical system comprised the passive suspension system, the steering system, the brake system, the vehicle frame, and the connecting parts. The hydraulic system consisted of a hydraulic pump station, an energy storage device, a hydraulic one-way valve, a relief valve, four electrohydraulic servo valves, an electromagnetic directional valve, four hydraulic cylinders, and other auxiliary components. The electro-hydraulic servo valve controls the asymmetrical hydraulic cylinder to realize the active suspension function. The electronic control system mainly included a computer and sensors. Although the active suspension actuators can replace the spring and shock absorber in the passive suspension in a certain degree, but the contrast that considered the need to test for active suspension and passive suspension can realize the main function of the active and passive suspension switch connected in parallel through the electromagnetic reversing valve. This should be done without destroying the original passive suspension and active suspension hydraulic actuators.
FIGURE 7. Test bump.
In the road experiments, the excitation input came in the form of a triangular bump, as shown in Fig. 7 . Before the test started, the excitation bumps were placed in the middle of the test road, and the distance between the two pulse bumps was adjusted according to the wheelbase. The test vehicle passed through the bumps at uniform speed, the body posture was recorded when the front wheels of the car approached the bumps. The recording stopped when the car already passed by. The experimental data are shown in Fig. 8-10 . It can be seen from the data in Table 4 that the active suspension system with RMPC control in the pulse input test reduces the vertical acceleration peak by about 32.5%, the pitch acceleration peak by about 31.8% and the roll acceleration peak by about 45.4% compared to the passive suspension system. From the road experiments of the prototype vehicle, it can be seen that the active suspension system with RMPC has improved greatly in riding comfort compared to the passive suspension, and the validity and practicability of RMPC have also been verified.
VII. CONCLUSION
In this paper, the full-vehicle model is established for the EH servo active suspension and the model predictive controller is designed. The model predictive control based on the approximate expansion in the rolling time domain does not depend on the accuracy of the active suspension model. In the practical application process, the uncertainty factors for the model have improved. At the same time, in order to increase the practicability of the control system, the influence of active suspension hydraulic actuator is considered and effectively controlled by fractional PID controller. Compared with other suspension systems, the active suspension based on the model predictive control has obvious vibration reduction effect, such as vertical acceleration, pitch angle acceleration, and roll angle acceleration. This model can also effectively improve the vehicle performance to increase vehicle comfort and ensure vehicle handling stability. The effectiveness and practicality of the control system are further verified through the vehicle road experiments. BIN YANG is currently a Senior Engineer with Jilin University. His main research interests are engineering robotics, active suspension control, electrohydraulic servo control, and transmission and control of construction machinery.
